The mechanism for the hydration of CO 2 within a Keplerate nanocapsule is presented. A network of hydrogen bonds across the water layers in the first metal coordination sphere facilitates the proton abstraction and nucleophilic addition of water. The highly acidic properties of the polyoxometalate cluster are crucial for explaining the catalysed hydration.
The mechanism of CO 2 hydration: a porous metal oxide nanocapsule catalyst can mimic the biological carbonic anhydrase role † ‡ Concerns about global warming, together with the incoming necessity to find alternative feedstocks to fossil fuels, 1 have boosted interest in the capture and use of CO 2 as a chemical starting material. [2] [3] [4] [5] Living organisms having the carbonic anhydrase enzyme carry out the simplest CO 2 transformation, i.e. hydration to carbonic acid, in an easy manner. The presence of an electrophilic Zn center together with a network of water molecules in the proximity of the enzyme site makes the hydration reaction possible, which is rather slow in the absence of a catalyst. The exploration of carbonic anhydrase [6] [7] [8] [9] and related analogues 10 has afforded major bio-inspired catalytic routes for CO 2 The CO 2 transformation is also reversible via acidification of the aqueous solution of Compound 2. 17 The results of the theoretical study presented herein suggest that this transformation of CO 2 to carbonate is actually the third example 22, 23 known to date of a catalytic process occurring inside the {Mo 132 } capsule, where the Mo V and also the Mo VI sites play a role.
The mechanism of the hydration of CO 2 to form the carbonic acid has been a subject of theoretical studies over the past few decades. 24, 25 The challenge lies in the accurate description of the explicit water molecules participating in the reaction as was shown by the latest work of Yamabe and Kawagishi. 26 The uppermost energy barrier of carbon dioxide hydration is always the initial step of water addition. 27 The arrangement of this initial transition state [24] [25] [26] 28 is a cyclic three water molecular arrangement as depicted in Fig. 2 . We will adopt this model as a benchmark to compare with our own calculations on the catalytic sequestration of CO 2 and its conversion into the carbonate form.
In a recent study we demonstrated that by using a cluster model of the {Mo 132 } nanocapsule, the reaction pathway of the reversible cleavage of methyl-tert-butyl ether 22 , thus located in the vicinity of the reactive centre. This will be our starting point (named Reactants) for the reaction path studies defining the zero of energies.
The highest energy reaction path explored TS1 (Fig. 2 ) is perhaps the most intuitive pathway involving a concerted nucleophilic addition of an aqua ligand to CO 2 followed by the subsequent proton rejection and formation of a local Zundel cation ( Fig. 2 . The transition state TS3 has a similar energy value to TSw (the uncatalysed transition state) but intermediate 3a is not sufficiently stable to be considered a viable route (see ESI, ‡ for these additional structures).
There are structural differences between the catalysed and uncatalysed systems namely with regard to each transition state which are summarised in Fig. 3 . The Mayer-Mulliken bond orders 30 (MBOs) were also analysed in the present case which reflect the bond strength between the different atoms in any given system. The most striking difference between TSw and TS2b is that the latter is a slightly ''lesser bound'' transition state with a reaction coordinate (C-O) bond order 0.377 whereas in TSw it is 0.557 in line with Hammond's postulate. The +(O-C-O) angles are also considerably different between TSw (1391) and TS2b (1521) consistent with a larger electron cloud of the incoming O(-C) and consequently a lower angular distortion of CO 2 . The leaving proton is also more bound to the oxygen atom in TSw (MBO = 0.430) than in TS2b (MBO = 0.250). In the latter case the outgoing proton from the aqua ligand is already at a large distance (1.535 Å, see Fig. 3 ). Interestingly the Mo V -OH bond in 2a (a-hydroxo isomer) is stronger (MBO = 0.450) than the Mo VI -OH bond in 2b (MBO = 0.219). This causes a vibrational stiffness in the 2a isomer decreasing its entropy and increasing the free energy difference with respect to 2b.
Finally to predict the potential reactivity of related systems, additional calculations were carried out on model analogues of the {W 72 Mo 60 } and {W 132 } nanocapsules. The former nanocapsule has been characterised 31 experimentally although the latter is still unknown. Since the key point in the mechanism is the generation of the nucleophilic hydroxo species coordinated to the star-shaped M VI moieties, the relative thermodynamic stability of 2a and 2b species was determined. The in situ bicarbonate formation, promoted by the Mo V centres, inside the capsule is kinetically more favourable than direct carbonate uptake from aqueous solution. Three trials were performed in the present work, which can be summarised as follows: (i) A neutral charge pathway with aqua ligand nucleophilic addition to CO 2 results in a high kinetic barrier DE ‡ = +81 kJ mol
À1
and a product of exceedingly high energy.
(ii) A hydroxo ligand pathway in which the nucleophilic attack takes place on a Mo VI site. This is a high energy process requiring +44 kJ mol À1 at the calculation level to form a product.
(iii) A hydroxo ligand pathway where the hydroxo group in an Mo VI centre will act as a proton acceptor in tandem with the nucleophilic addition of CO 2 to an aqua ligand at the Mo V sites. The activation energy DE ‡ = +36 kJ mol À1 is the lowest of all the trials, even lower than the uncatalysed hydration reaction, and the ensuing product assembly is 28 kJ mol À1 more stable than the reactant assembly.
Therefore the most plausible mechanism for the formation of Compound 2 will be the latter based on comparison of computed energies with respect to a comparable micro-solvated CO 2 hydration. The resemblance of the mechanism with that operating in the carbonic anhydrase enzyme is remarkable. The subtle differences lie in the first steps of the latter mechanism: the rate-limiting step is the protolysis of the aqua ligand in (His) 3 Zn-OH 2 3b,4 which is then followed by a lower energy nucleophilic addition to CO 2 whereas the Keplerate acts in a concerted single step for both. 
